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GonadThe SWI/SNF-like chromatin remodeling complexes consist of two evolutionarily conserved subclasses,
which are characterized by speciﬁc accessory components, the OSA/BAF250 and Polybromo proteins. These
complexes regulate the expressions of distinct sets of target genes, with some overlap, and the regulatory
components are thought to determine the target speciﬁcity for each complex. Here we isolated C. elegansmu-
tants of the genes for the OSA/BAF250 homolog, LET-526, and the Polybromo homolog, PBRM-1, in a screen
for the abnormal asymmetric cell division phenotype. In the asymmetric division of the T cell, both LET-526
and PBRM-1 regulated the asymmetric expression of psa-3/Meis between the T cell daughters, suggesting
that the two subclasses share the same target. In the gonad, PBRM-1 regulated gonad primordium formation
during embryogenesis, whereas LET-526 was required post-embryonically for distal tip cell (DTC) production
from the gonad primordium, suggesting that these proteins have distinct targets for DTC development. Thus,
the same cellular process is regulated by LET-526 and PBRM-1 in the asymmetric division of the T cell, but
they regulate distinct cellular processes in the gonad morphogenesis. Although disruption of the core compo-
nent PSA-1 or PSA-4 caused similar defects in the gonad and T cell, it also caused early embryonic arrest,
which was not observed in the let-526, pbrm-1, or let-526 pbrm-1 double mutants, suggesting that some tar-
gets of SWI/SNF-like complexes do not require LET-526 or PBRM-1 for their transcription. Our results show
that the target selection by SWI/SNF-like complexes during C. elegans development is intricately regulated
by accessory components.
© 2011 Elsevier Inc. All rights reserved.Introduction
A fundamental structure of chromatin is the nucleosome, which
consists of a histone octamer enwrapped by 146 bp of genomic DNA
(Kwon and Wagner, 2007). Because nucleosomes tend to inhibit the
access of transcriptional machineries to DNA, transcriptional activa-
tion is affected by their positions. Therefore, chromatin remodeling
complexes that induce the sliding, removal, and deposition of nucle-
osomes are necessary for the proper regulation of gene expression.
The SWI/SNF-like chromatin remodeling complexes are divided
into two sub-classes, which have speciﬁc accessory components in
addition to their common core components, e.g. yeast SWI2 and
SWI3 (Kwon and Wagner, 2007). These complexes and their speciﬁc
components have different names, depending on the species. One
class of complexes (hereafter called the BAF/BAP complex) is namedLaboratory, National Institute
81 55 981 6846.
rights reserved.SWI/SNF in yeast, BAP in Drosophila, and BAF in mammals. Each con-
tains a speciﬁc component (hereafter called the OSA/BAF250 pro-
tein), which is known, respectively, as SWI1, Osa, or BAF250. This
component contains an ARID domain (AT-rich interacting domain).
The other class of complexes (hereafter, the PBAF/PBAP complex) is
called RSC in yeast, PBAP in Drosophila, and PBAF in mammals. Their
speciﬁc accessory proteins (hereafter, the Polybromo protein) are
RSC1/2/4, dPolybromo, and BAP170, respectively. This component
contains multiple bromodomains.
Although the BAF/BAP and PBAF/PBAP complexes share core com-
ponents, they regulate the transcription of distinct target genes. In
mammalian cancer cells, these complexes are selectively required
for the expression of distinct interferon-responsive genes (Yan et
al., 2005). In Drosophila, their localization patterns on the polytene
chromosomes are different (Mohrmann et al., 2004). Genome-wide
gene-expression proﬁles using Drosophila S2 cells also suggest that
these complexes control the expression of separate sets of target
genes, although with some overlap (Moshkin et al., 2007). These ob-
servations suggest that the accessory components of the complexes
(i.e., the OSA/BAF250 and Polybromo proteins) determine the func-
tional speciﬁcity of the remodeling complexes.
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pears to require either the OSA/BAF250 or Polybromo protein, since
the loss of one of core components or both accessory components
elicits similar expression proﬁles in Drosophila cultured cells
(Moshkin et al., 2007). However, in terms of phenotypes, ﬂies with
mutant core components, but not ﬂies that are double mutants of
osa and dPolybromo, are arrested in early oogenesis, indicating that
the Drosophila SWI/SNF-like complexes also have functions that do
not require the accessory components (Carrera et al., 2008).
We previously showed that C. elegans has homologs of the core
components of the SWI/SNF-like complexes, and that the core com-
ponents including PSA-1/SWI3 and PSA-4/SWI2 are required for the
asymmetric cell division of the tail hypodermal cell, the T cell (Sawa
et al., 2000). In wild-type animals, the T cell divides asymmetrically
to produce hypodermal cells from the anterior daughter cell (T.a
cell) and neural cells including phasmid socket cells from the posteri-
or daughter cell (T.p cell). In contrast, both daughter cells of the T cell
in psa-1 and psa-4mutants produce hypodermal cells, resulting in the
Psa phenotype (phasmid socket absent). In addition, psa-1 is required
for the production of the distal tip cells (DTCs), which control the
shape of the gonad (Cui et al., 2004). However, the functions of the
accessory components have not been examined in C. elegans.
To elucidate the functions of the CeBAF and CePBAF complexes,
(the C. elegans counterparts of the BAP/BAF and PBAP/PBAF com-
plexes, respectively) during development, we compared C. elegans
mutants of let-526, which encodes the OSA/BAF250 protein homolog
and of pbrm-1, which encodes the Polybromo protein homolog. We
found that let-526 but not pbrm-1 is essential for embryonic develop-
ment, indicating that their products have distinct functions. In
addition, mutants of these genes caused different defects in DTC pro-
duction in the somatic gonad. In contrast, after the asymmetric divi-
sion of the T cell, both LET-526 and PBRM-1 were necessary for the
expression of psa-3, suggesting that the CeBAF and CePBAF complexes
share the same target in this case. These proteins appear to function
in the SWI/SNF-like complexes in the gonad and in psa-3 expression,
since similar defects were observed in mutants of a core component
(PSA-1). However, RNAi of the core component PSA-1 or PSA-4
caused embryonic lethality at much earlier stages than were observed
in let-526 or let-526; pbrm-1 double mutants, suggesting that the core
components have essential roles in early embryogenesis that are in-
dependent of the accessory components.Materials and methods
Strains, cloning, culture and RNAi
N2 Bristol was used as the wild-type strain (Brenner, 1974). The
animals were cultured at 22.5 °C. The let-526 mutants were lethal
and maintained as heterozygotes over the hT2[qIs48] balancer; the
phenotypes of homozygotes generated from the heterozygous her-
maphrodites were analyzed. psa-1(ku355) (Cui et al., 2004), psa-1
(os22), psa-4(os13) (Sawa et al., 2000), and lit-1(t1512) (Rocheleau
et al., 1999) have missense mutations and are temperature-
sensitive. lin-17(mn589) (Sawa et al., 2000) has a missense mutation
(C104Y). The psa-1(ku355) mutant was analyzed at 20°C and 25°C,
respectively, for the phenotype in the gonad and the T cell lineage.
The following GFP-fused markers were used: osEx113 [psa-3::gfp]
(Arata et al., 2006), osEx71 [psa-1::gfp] (Sawa et al., 2000), osEx67
[psa-4::gfp] (Sawa et al., 2000), mhEx50 [tlp-1::gfp] (Zhao et al.,
2002), qIs55 [hnd-1(N)::gfp] (Mathies et al., 2003), qIs56 [lag-2::gfp]
(Kostic et al., 2003).
To map the pbrm-1 gene, we isolated recombinants from unc-13
(e51)gld-1(q485)/pbrm-1(os73). Of these, 5 of 20 Unc non-Gld recom-
binants segregated os73, as judged by the loss of the gonad-arm
phenotype.For RNAi treatment, double-stranded RNAs were injected into L4
hermaphrodites (Fire et al., 1998). The injected animals were incu-
bated at 22.5 °C for 24 h before observation. Since the embryonic le-
thality of let-526(RNAi) had incomplete penetrance, animals that
escaped lethality were analyzed for the gonadal phenotypes.
Microscopy
The Psa phenotype was analyzed as described (Sawa et al., 2000).
The expression of lag-2::gfp in SGPs, psa-3::gfp, tlp-1::gfp, psa-1::gfp,
psa-4::gfp, or hnd-1(N)::gfp, was detected by confocal microscopy
(Zeiss LSM510). lag-2::gfp in DTCs and autoﬂuorescence in intestinal
cells were detected by epiﬂuorescence microscopy (Axioskop2plus,
Zeiss).
Plasmid construction
The pbrm-1::gfp construct consisted of a genomic fragment from a
cosmid C09B10 (a 2-kb fragment from 1.5-kb upstream of the start
codon to the XbaI site) and a PCR fragment (XbaI site to the codon
that corresponds to the C-terminus of PBRM-1). which was ampliﬁed
from the yk1173e11 cDNA clone (a gift from Y. Kohara, National Insti-
tute of Genetics, Mishima, Japan) and ligated to the gfp gene from
pPD95.75 (a gift from A. Fire).
The let-526::gfp construct consisted of a genomic fragment from
cosmid C04F9 (an 11.7-kb fragment from 640-bp upstream of the
start codon to the EcoRI site) and a PCR fragment (EcoRI site to the
codon corresponding to the C-terminus of LET-526), which was am-
pliﬁed from a yk7c8 cDNA clone (a gift from Y. Kohara, National Insti-
tute of Genetics, Mishima, Japan) and ligated to the gfp gene from
pPD95.75 (a gift from A. Fire).
The let-526-rescuing plasmid, pSLET1 was constructed by subclon-
ing a genomic fragment from cosmid C04F9 (ApaI-BssHII) into
pSL1190 (Amersham).
Quantiﬁcation of the psa-3 expression
The expression of psa-3::gfp was detected by confocal microscopy
(Zeiss LSM510 or LSM5 PASCAL). To obtain the PSA-3::GFP intensities
in the nuclei of the T.a and T.p cells (p3Ta and p3Tp), the mean pixel
values in nuclei, except for the nucleoli, were calculated by the Meta-
morph software (Molecular Devices, Inc.), and the background signal
(the mean pixel value of the areas of the neighboring cytosolic
region) was subtracted.
Results
Cloning of the let-526 and pbrm-1 genes
In a screen for mutants with the Psa phenotype (Sawa et al., 2000),
we isolated two mutants, os37 and os73. Our genetic mapping
revealed that the os37 mutation was in the middle of LGI. The os37
mutation is recessive (Table 1) and showed a larval lethal phenotype.
We performed complementation tests with lethal mutations in the
middle of LGI and found that os37 was not complemented by let-
526(h185). let-526(h185) has been reported to be rescued by two
cosmid clones, C01G8 and C04F9 (Johnsen et al., 2000). However,
the responsible gene had not been identiﬁed. To clone the let-526
gene, we performed rescue experiments and found that a fragment
containing C01G8.9 rescued the Psa phenotype of let-526 mutants
(Fig. 1A, Table 1: let-526(os37) Ex[C01G8.9]). os37 and h185 had non-
sense mutations in C01G8.9 that corresponded to Q590STOP and
Q473STOP, respectively (Fig. 1B). Consistent with this, C01G8.9
RNAi caused the Psa phenotype (data not shown). Accordingly, we
concluded that C01G8.9 is let-526.
Table 1
Defects in the T cell lineage. Inhibition of let-526 or pbrm-1 causes the Psa phenotype.
n indicates number of samples scored. p-values are based on the comparison with a
wild type, b pbrm-1(os73), c pbrm-1(tm415), d pbrm-1(RNAi), e let-526(os37), f psa-1
(os22), g psa-4(os13), h lin-17(mn589), or i lit-1(t1512ts). jAnimals were allowed to
lay eggs for 2 h at 15 °C. Eggs were incubated for 6 h at 15 °C, then shifted to 22 °C.
Genotype % Psa n p-value
22.5 °C
Wild type 0 100
let-526(os37) 87.5 64 b0.001 a
let-526(h185) 90.8 76 b0.001 a
let-526(os37) Ex[C01G8.9] 2 44 b0.001 e
pbrm-1(os73) 13 100 b0.001 a
pbrm-1(tm415) 6 50 0.036 a
pbrm-1 RNAi 10.4 48 0.0031 a
psa-4(os13) 51 100 b0.001 a
pbrm-1(os73) pbrm-1 RNAi 20 100 0.25 b, 0.17 d
pbrm-1(tm415) pbrm-1 RNAi 10 100 0.44 c, 1.0 d
let-526(os37) pbrm-1(tm415) 96 100 b0.001 c, 0.06 e
psa-4(os13)pbrm-1(tm415) 51 100 b0.001 c, 1 g
j15 °C→22 °C.
Wild type 0 100
let-526(os37) 84 100 b0.001 a
pbrm-1(tm415) 4 100 0.12 a
psa-1(os22) 68 100 b0.001 a
let-526(os37)pbrm-1(tm415) 98 100 b0.001 c, b0.001 e
psa-1(os22)pbrm-1(tm415) 65 100 b0.001 c, 0.76 f
18 °C
Wild type 0 100
let-526(os37) 83 100 b0.001 a
pbrm-1(tm415) 5 100 0.06 a
lin-17(mn589) 47 100 b0.001 a
lit-1(t1512) 2 100 0.50 a
let-526(os37) lin-17(mn589) 93 100 0.05 e, b0.001 h
pbrm-1(tm415) lin-17(mn589) 64 100 b0.001 c, 0.02 h
pbrm-1(tm415) lit-1(t1512) 10 100 b0.28 c, 0.03 i
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gld-1 on LGI by three-factor mapping, and between cosmid clones
F21C3 and D2030 by SNP mapping (Fig. 1C). In addition to the Psa
phenotype, the os73 mutant lacked gonad arms, with a higher pene-
trance than the Psa phenotype. We scored this gonad phenotype in
rescue experiments, and found that a cosmid, C09B10, rescued os73
(Table 2). Then, we tested the rescuing activities of genomic frag-
ments containing pbrm-1 (C26C6.1), C26C6.6, and T28F4.4, and
found that pbrm-1, but not the other fragments, rescued os73
(Table 2). Although we failed to ﬁnd mutations of pbrm-1(os73) in
the exons, introns, 3′UTR, or 2-kb upstream of the start codon, a dele-
tion allele pbrm-1(tm415) isolated by the National Bioresource
Project, and pbrm-1(RNAi) showed the loss of gonad arms and Psa
phenotypes, like the os73 mutants (Tables 1 and 2). pbrm-1 RNAi
did not cause signiﬁcant enhancement of the Psa or loss-of-gonad
arm phenotypes in the os73 background (Tables 1 and 2). Further-
more, os73 and tm415 are recessive (Table 2) and os73 failed to com-
plement tm415 for the loss of the gonad arm phenotype. Therefore,
we concluded that pbrm-1 is the responsible gene for os73. We mostly
used pbrm-1(tm415) for the subsequent experiments.
let-526 and pbrm-1 encode the OSA/BAF250 protein and the Poly-
bromo protein, respectively (Fig. 1B, D). The OSA/BAF250 protein has
two conserved domains, ARID and EHD (eyelid homology domain)
(Fig. 1B) that are highly conserved among its homologs, including
LET-526 (Mohrmann and Verrijzer, 2005). The ARID domain of
BAF250 binds DNA in a sequence-speciﬁc manner (Nie et al., 2000),
suggesting that LET-526 may also recognize speciﬁc DNA elements
to recruit the CeBAF complex to its targets. C. elegans PBRM-1, like
Drosophila and human Polybromo, has six bromodomains, two BAH
(bromo-adjacent homology) domains, and an HMG box (Fig. 1D)
(Mohrmann and Verrijzer, 2005). It is known that the secondbromodomain of human Polybromo preferentially recognizes acety-
lated lysine 14 of Histone H3, an acetylation mark associated with
transcriptional activation (Charlop-Powers et al., 2010), suggesting
that PBRM-1 may be involved in transcriptional activation. Since we
could not ﬁnd any other OSA/BAF250 or Polybromo proteins in C. ele-
gans by BLAST search, LET-526 and PBRM-1 are unique members of
these families.
Distinct localization of PBRM-1 and LET-526 during mitosis
We analyzed the expressions of LET-526::GFP and PBRM-1::GFP
driven by their native promoters. LET-526::GFP and PBRM-1::GFP
respectively rescued the lethality of let-526 mutants and the loss
of the gonad-arm phenotype in pbrm-1 mutants (data not shown
and Table 2), indicating that the proteins were functional. LET-
526::GFP and PBRM-1::GFP were expressed in the nuclei of most,
if not all, somatic cells, including the T cell and its daughter cells
(Fig. 2A, B). LET-526::GFP and PBRM-1::GFP were ﬁrst observed
soon after the gastrulation stage and during the gastrulation stage,
respectively, and continue to be expressed throughout subsequent
development and in the adult stage. Interestingly, during mitosis,
PBRM-1::GFP but not LET-526::GFP was associated with chromo-
somes in the T cell (Fig. 2Ab, Ac, Bb, Bc) and in other seam cells
(data not shown). A similar chromosomal localization was reported
for mammalian Polybromo (Nicolas and Goodwin, 1996; Wang et
al., 2004). In our previous report, PSA-1::GFP and PSA-4::GFP were
not detected in metaphase and anaphase (Sawa et al., 2000). How-
ever, consistent with the localization of PBRM-1, more sensitive ob-
servations of PSA-1::GFP and PSA-4::GFP by confocal microscopy
revealed PSA-1 and PSA-4 on chromosomes at metaphase and ana-
phase (Fig. 2C, D).
Genetic interactions between the accessory components and Wnt
signaling
We examined the genetic interactions of let-526 and pbrm-1 with
hypomorphic mutations (lin-17(mn589) and lit-1(t1512)) in Wnt sig-
naling in regulating the asymmetry of the T cell division. We found
that lin-17(mn589) had additive interactions with both let-526 and
pbrm-1 for the Psa phenotype, which can be caused by the loss of
asymmetry between the fates of the T cell daughters (Table 1).
pbrm-1 also appeared to have an additive interaction with lit-1
(t1512). let-526 lit-1 double mutants arrested their development at
the early L1 stage before or soon after the T cell division even at
16 °C, suggesting they had a synergistic interaction for the lethality.
LET-526, but not PBRM-1, is required for asymmetric tlp-1 expression in
the T cell lineage
Although let-526 and pbrm-1 mutants shared the Psa phenotype,
let-526 but not the pbrm-1mutants caused larval lethality, suggesting
that these genes might regulate the transcription of different genes.
Moreover, the penetrance of the Psa phenotype was signiﬁcantly
higher in the let-526 pbrm-1 double mutants than in either single mu-
tant (Table 1), consistent with the idea that they regulate distinct
genes in the T cell.
To examine this possibility, we analyzed whether the let-526 and
pbrm-1 genes are required for the asymmetric expressions of the
tlp-1 and psa-3 genes, which are required for the neural fate of the
T.p lineage (Arata et al., 2006; Zhao et al., 2002). In wild-type animals,
tlp-1 and psa-3 were expressed in the T cell; after its division, they
were expressed more highly in the T.p cell than in the T.a cell
(Fig. 3A, D). Next, we analyzed the tlp-1 expression in the let-526 or
pbrm-1 mutants. Compared to the frequency in wild-type T cell
daughters (33%, n=18), tlp-1 expression was undetectable more fre-
quently in the let-526 mutants (75%, n=20, p=0.003), but was the
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Fig. 1. Molecular cloning of the let-526 and pbrm-1 genes (A, C) Schematic diagrams of the let-526 (A) and pbrm-1 (C) loci with their gene structures. Open and ﬁlled boxes rep-
resent coding and non-coding regions, respectively. (B, D) Domain structures of the LET-526 (B) and PBRM-1 (D) proteins and their homologs. The conserved domains are shaded.
Numbers in boxes and at the right of the diagrams of proteins represent the percent identities of individual domains and the overall proteins with those in LET-526 and PBRM-1,
respectively. The point mutations in os37 and h185 are indicated by vertical bars. The deletion in tm415 is indicated by a horizontal bar.
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results suggested that let-526, but not pbrm-1, is required for the ex-
pression of tlp-1 in the T cell lineage.Table 2
Defects in the Z1/Z4 cell lineage. Down-regulation of let-526, pbrm-1, or psa-1 caused
the loss of gonad arm(s). n indicates number of samples scored. p-values are based
on the comparison with a wild type, b pbrm-1(os73), c pbrm-1(tm415), d tm415/os73,
or e pbrm-1(RNAi). The phenotypes were observed at the adult stage except for the
let-526(os37) mutants, which were examined when their development arrested at
the late L2 or L3 stage. dAnimals were grown at 15 °C during embryogenesis, then
were shifted to 25 °C after hatching.
Genotype % abnormal n p-value
Wild type 0 100
let-526(os37) 95 37 b0.001 a
pbrm-1(os73) 22 100 b0.001 a, 0.124 c
pbrm-1(tm415) 34 53 b0.001 a
pbrm-1(os73)/+ 1 70 0.4 a, b0.001 b, 0.01 d
pbrm-1(tm415)/+ 1 70 0.4 a, b0.001 c, 0.01 d
pbrm-1(RNAi) 18 50 b0.001 a
pbrm-1(os73) pbrm-1 RNAi 21 100 1.0 b, 0.83 e
pbrm-1(tm415) pbrm-1 RNAi 24 100 0.25 c, 0.53 e
pbrm-1(tm415/os73) 15 40 b0.001 a, b0.48 b, 0.005 c
pbrm-1(os73) Ex[C09B10] 0 88 b0.001 b
pbrm-1(os73) Ex[pbrm-1] 0 56 b0.001 b
pbrm-1(os73) Ex[C26C6.6] 18 36 0.59 b
pbrm-1(os73) Ex[T28F4.4] 25 36 0.74 b
pbrm-1(tm415) Ex[pbrm-1::gfp] 5 100 b0.001 c
psa-1(ku355) 15°C→25°C d 6.7 137 b0.006 aLET-526 and PBRM-1 are redundantly required for the asymmetric
expression of psa-3 in the T cell lineage
We next analyzed the asymmetry of the psa-3 expression. We
measured the PSA-3::GFP intensity in the nuclei of the T.a and T.p
cells (p3Ta and p3Tp). In wild-type animals, the PSA-3::GFP expres-
sion in the T.p cell was higher than (log2(p3Tp/p3Ta) ≥0.5) or almost
equal (0.5>log2(p3Tp/p3Ta)≥-0.5) to that in the T.a cell (Fig. 3D, H,
I). No T.p cell expressed lower (log2(p3Tp/p3Ta)b−0.5) PSA-3::GFP
than the T.a cells. Although in the pbrm-1 and let-526 mutant, 1 of
21 and 2 of 19 T.p cells, respectively, expressed lower PSA-3::GFP
than the T.a cell (Fig. 3I), this difference was not statistically signiﬁ-
cant. In the let-526 pbrm-1 double mutant, signiﬁcant numbers of an-
imals had T.p cells with less PSA-3::GFP expression than their T.a
sister (p=0.02) (Fig. 3H, I). When we statistically analyzed the distri-
bution of all the log2(p3Tp/p3Ta) values by a t test, the let-526 pbrm-1
double mutant (p=0.04), but not the let-526 (p=0.52) or pbrm-1
(p=0.36) single mutant, was signiﬁcantly different from the wild-
type animals (Fig. 3I).
We also found that the psa-1(os22ts)mutant appeared to have de-
fective asymmetric psa-3 expression in the T cell daughters, as judged
by an increase in animals with symmetric psa-3 expression (blue in
Fig. 3H), albeit not signiﬁcantly by the t test (p=0.10). This ﬁnding
is consistent with the hypothesis that LET-526 and PBRM-1 function
with the core components of the SWI/SNF-like complexes to regulate
psa-3 expression in the T cell lineage (Fig. 3H, I). Taken together, our
results strongly suggest that the asymmetric expression of psa-3 is
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containing complexes.
PBRM-1 and LET-526 regulate distinct processes in gonadal development
Another phenotype shared by the let-526 and pbrm-1mutants was
the loss of the gonad arms. The gonad of the wild-type hermaphrodite
has two arms that are extended by the function of DTCs. let-526(os37)
and pbrm-1(tm415)mutants often lack DTCs, with a concomitant loss
of the gonad arms (95% in let-526 and 34% in pbrm-1) (Table 2 and
Fig. 4A–E). Our results indicated that both let-526 and pbrm-1 regu-
late the development of DTCs.
We next analyzed which steps of DTC development are regulated
by let-526 and pbrm-1. In wild-type embryos, two somatic gonadal
precursor cells (SGPs), the Z1 and Z4 cells, form a gonad primordium
with two germline precursors, the Z2 and Z3 cells. At the late L1 stage,
each SGP undergoes two rounds of asymmetric cell division to pro-
duce one DTC. We ﬁrst counted the number of total cells (SGPs and
germ cells) in the gonad primordium at the early L1 stage, and
found that they were reduced in the pbrm-1 mutant, but not in thelet-526 mutant (Fig. 4G). We then counted the number of SGPs by
lag-2::gfp at the early L1 stage, and found that one SGP or both SGPs
were absent in 4 or 2 of 18 pbrm-1(tm415) mutants, respectively.
The penetrance of the loss of SGPs (33%) was similar to that of the
loss of the gonad arms (34%) in tm415 mutants, suggesting that
most of the gonadal phenotype is caused by the loss of SGPs rather
than by defects in the production of DTCs from SGPs. These results in-
dicated that PBRM-1 regulates the formation of SGPs, which occurs
during embryogenesis, whereas LET-526 is required for the produc-
tion of DTCs from SGPs during postembryonic development.
If PBRM-1 functions as part of the CePBAF complex in the forma-
tion of the gonad primordium, the disruption of the other compo-
nents of the CePBAF complex should cause the same defect. Because
psa-1(ku355) mutants show the gonad arm-loss phenotype (Cui et
al., 2004), we counted the number of SGPs in this mutant at the
early L1 stage. The loss of SGP(s) in the gonad primordium was ob-
served in 6% of the psa-1 (ku355) mutants (Fig. 4G), suggesting that
PBRM-1 functions in the CePBAF complex for the production of SGPs.
To analyze whether LET-526 functions in the CeBAF complex for
the production of DTCs from SGPs, we examined the postembryonic
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354 Y. Shibata et al. / Developmental Biology 361 (2012) 349–357development of the gonad in psa-1(ku355) mutants. To circumvent
the defect in the formation of the gonad primordium, the psa-1
(ku355ts) mutants were grown at 15 °C during embryogenesis and
then shifted to 25 °C after hatching. Under these conditions, al-
though the loss of SGPs was very rare (0.07%), 6.7% of the mutant
animals showed the loss of the gonad arm (Table 2), suggesting
that PSA-1 is required for the production of DTCs from SGPs. In
summary, our results strongly suggest that the CeBAF complex
and the CePBAF complex regulate distinct processes of DTC
development.
pbrm-1 regulates the expression of HND-1 and the correct positions of
SGPs
While analyzing the SGPs in pbrm-1 and let-526 mutants, we no-
ticed that pbrm-1 mutants showed abnormalities in their SGP posi-
tions in the gonad primordium. In wild-type animals, the SGPs are
located at the distal ends of the gonad primordium (Fig. 4H), whereas
39% (n=18) of the pbrm-1(tm415) mutants had SGPs betweengermline precursors (Fig. 4I, J), indicating that pbrm-1 regulates the
normal positioning of SGPs in the gonad primordium.
The position of SGPs in the gonad primordium is regulated by hnd-
1, which encodes the HAND bHLH transcription factor and is
expressed strongly in the SGPs of comma-stage embryos (Mathies
et al., 2003). Therefore, we examined the HND-1::GFP expression in
pbrm-1 mutants. At the 1 1/2 fold stage, 90%, 10%, and 0% of the
wild-type animals showed two, one, and no cells expressing a high
level of HND-1::GFP, respectively. In contrast, 52.3%, 40%, and 6.7%
of the pbrm-1 mutant embryos at the 1 1/2 fold stage had two, one,
and no cells expressing a high level of HND-1::GFP, respectively (Sup-
plementary Movie 1a, b), indicating that the pbrm-1 mutants lost ei-
ther the SGPs themselves or their hnd-1 expression. Because the
defect in the positions of SGPs was more severe in the pbrm-1
(tm415) mutants (26% for each SGP) than in the hnd-1 deletion mu-
tants (9% for each SGP) (Mathies et al., 2003), the loss of hnd-1 ex-
pression only partly explains the defect of the SGP positions seen in
the pbrm-1mutants. Thus, other targets of PBRM-1 are likely to be re-
quired for the normal positioning of the SGPs.
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PBRM-1
Because psa-1 or psa-4 RNAi cause embryonic lethality (Sawa et
al., 2000), we examined the requirements for let-526 and pbrm-1
during embryonic development. pbrm-1(tm415) deletion mutants
and pbrm-1(RNAi) animals showed very weak embryonic lethality
(tm415; 2%, n=100, RNAi; 6%. n=200). On the other hand, most
of the let-526 RNAi died during embryogenesis (Fig. 5A). However,
compared to the psa-1 or psa-4 RNAi embryos, the let-526 RNAi
embryos were arrested at clearly later stages. The psa-1 or psa-4
RNAi embryos were mostly arrested as balls of cells without any
apparent signs of morphogenesis or cell differentiation (e.g. gut
differentiation as judged by the autoﬂuorescence of gut granules)
(Fig. 5B–D, G, H). In contrast, the let-526 RNAi and pbrm-1 RNAi
embryos had gut granules and showed abnormal morphogenesis
(Fig. 5B, E, I, J).
The above results appeared to suggest that psa-1 and psa-4 but not
let-526 or pbrm-1 are required for early embryogenesis. It remains
possible that let-526 and pbrm-1 function redundantly in early em-
bryogenesis. However, we found that the disruption of both let-526
and pbrm-1 (let-526(RNAi) in pbrm-1(tm415) mutants or double
RNAi of both let-526 and pbrm-1) resulted in a similar embryonic
phenotype (gut differentiation and abnormal morphogenesis) as
seen in let-526(RNAi) embryos (Fig. 5B, K, L). Thus, our results
indicate that the core components of the SWI/SNF-like complexes
(PSA-1 and the PSA-4) function independently of LET-526 and
PBRM-1, in early embryogenesis.Discussion
Our results showed that the pbrm-1 and let-526 mutants have
mostly distinct phenotypes (e.g., larval lethality of let-526 but not
pbrm-1mutants) except for the psa-3 expression. Even for the pheno-
types shared by these mutants (the Psa phenotype and the loss of
DTCs), the causes of the defects are different (i.e., the expression of
tlp-1 for the Psa phenotype and the production of SGPs in the
gonad). Therefore, the BAF/BAP and PBAF/PBAP complexes appear
to regulate largely distinct biological processes, as observed in mam-
mals and Drosophila (Moshkin et al., 2007; Yan et al., 2005).
In addition to the target genes that require OSA/BAF250 or Poly-
bromo proteins, some genes involved in early embryogenesis appear
to be regulated independently of these accessory components. A
similar observation was reported in Drosophila (Carrera et al.,
2008). Assuming that the accessory components regulate target se-
lection, it is not clear how the complex selects speciﬁc targets in
the absence of these components. In any case, our current and pre-
vious observations strongly suggest that the SWI/SNF-like com-
plexes have three distinct mechanisms for selecting speciﬁc
targets: OSA/BAF250 protein-dependent, Polybromo-dependent,
and independent of both proteins.
While the core components function independently of the acces-
sory components, PBRM-1 may bind to mitotic chromosomes in a
manner at least partially independent of the core components, be-
cause PBRM-1::GFP showed a stronger localization to the mitotic
chromosomes than did PSA-1::GFP and PSA-4::GFP. PBRM-1 may di-
rectly bind to mitotic chromosomes by its bromodomains. The mitotic
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Fig. 5. Embryonic phenotypes caused by the disruption of the SWI/SNF-like complexes. (A, B) Bar graphs showing the percentage of embryos that hatched (A) or had gut granules
(B) after the RNAi treatment. (C–F) Nomarski images of arrested embryos with the genotype psa-1(RNAi) (C), psa-4(RNAi) (D), let-526(RNAi) (E), and let-526(RNAi) pbrm-1(RNAi)
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nance of epigenetic information during mitosis.
In contrast to the genes that are regulated by either the CeBAF or
CePBAF complexes, our analysis of the psa-3 expression in pbrm-1
and let-526mutants suggested that the CeBAF and CePBAF complexes
regulate the transcription of the same gene. The psa-3 expression is
directly regulated by the transcription factor POP-1/Tcf, which binds
to the psa-3 promoter (Arata et al., 2006). POP-1 is asymmetrically ac-
tivated between the T.a and T.p nuclei by the Wnt/β-catenin asym-
metry pathway, most likely during telophase or soon after the T cell
division (Mizumoto and Sawa, 2007; Phillips and Kimble, 2009),
when psa-1 and psa-4 are required (Sawa et al., 2000). Therefore,
the defects in the asymmetric expression of psa-3 in the pbrm-1 let-
526 double mutant suggest that the CeBAF and CePBAF complexes di-
rectly regulate the psa-3 expression.How do the two remodeling complexes regulate transcription of
the same gene? Considering the observation in other species that
the BAF/BAP and PBAF/PBAP complexes recognize distinct regions of
the genome, one possibility is that the two complexes recognize dis-
tinct elements: one close to the POP-1 site and the other near the
binding site of NOB-1/Hox in an intron that is also required for the
psa-3 expression (Arata et al., 2006).
The other possibility is that the BAF/BAP and PBAF/PBAP complexes
recognize the same regulatory element on the psa-3 gene. Defects in the
asymmetry of psa-3 expression suggest that both complexes mediate
the function of POP-1, which is responsible for the asymmetry. The com-
plexesmay regulate the same or different chromatin remodeling process-
es required for the POP-1 function (e.g., the binding of POP-1 to the
promoter or the transcriptional activation by bound POP-1) through the
same or adjacent elements, near the POP-1-binding site. This model is
357Y. Shibata et al. / Developmental Biology 361 (2012) 349–357consistent with the following genetic interactions between components
of the SWI/SNF-like complexes and those of Wnt signaling.
It was reported that psa-1 and psa-4 have distinct genetic interac-
tions with LIN-17/Frizzled and LIT-1/NLK: additive ones with lin-17
(mn589) but synergistic ones with lit-1(t1512) for the Psa phenotype
(Sawa et al., 2000). This cannot be explained if both LIN-17 and LIT-1
regulate POP-1 activity similarly. However, it was also shown that
SYS-1/β-catenin, a co-activator of POP-1, is regulated by Frizzled but
not by LIT-1 (Mizumoto and Sawa, 2007). Therefore, the synergistic in-
teractions of LIT-1 with psa-1 and psa-4may be explained by assuming
that the SWI/SNF-like complexes separately regulate SYS-1 and POP-1,
which eventually form a complex, e.g. for their recruitment to pro-
moters. The strong enhancement of the phenotype of lit-1 (affecting
POP-1) by the psa-1 and psa-4 mutations may be owing to their effect
on SYS-1 as well as POP-1, while lin-17 has weak genetic interaction
with psa-1 and psa-4, because lin-17, like psa-1/psa-4, affects both
SYS-1 and POP-1. If this is the case, the weak genetic interaction of
pbrm-1 with lit-1 as well as with lin-17 may indicate that the CePBAF
complex is involved in the regulation of POP-1, while CeBAF acts with
SYS-1, consistent with the synthetic lethality of let-526 lit-1.
Consistent with our observations that both CeBAF and CePBAF reg-
ulate the same gene in C. elegans, genome-wide gene-expression pro-
ﬁles in Drosophila S2 cells suggested that the BAP and PBAP
complexes share some targets, although it was not shown whether
they are direct targets of the complexes (Moshkin et al., 2007). There-
fore, the coordinated regulation of a single gene by these complexes is
likely to be universal phenomena.
In summary, our results show that there are four distinct classes of
SWI/SNF targets: those regulated by the BAF/BAP complex, by the
PBAF/PBAP complex, by both complexes, and in a manner indepen-
dent of the accessory components. The selective recognition of these
targets is likely to be important for the development of any organism.
Supplementary materials related to this article can be found on-
line at doi:10.1016/j.ydbio.2011.10.035.Acknowledgments
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